Investigations were carried out to evaluate and quantify colonization of laboratory-scale drinking water biofilms by a chromosomally green fluorescent protein (gfp)-tagged strain of Salmonella Typhimurium. Gfp encodes the green fluorescent protein and thus allows in situ detection of undisturbed cells and is ideally suited for monitoring Salmonella in biofilms. The fate and persistence of non-typhoidal Salmonella in simulated drinking water biofilms was investigated. The ability of Salmonella to form biofilms in monoculture and the fate and persistence of Salmonella in a mixed aquatic biofilm was examined. In monoculture S. Typhimurium formed loosely structured biofilms.
INTRODUCTION
Salmonella is frequently isolated from water sources (Bau- 
).
In this way, a more realistic indication of population dynamics in a biofilm can be obtained.
The aim of this study was to evaluate and quantify surface colonization of a gfp-tagged strain of S. Typhimurium in both a sterile system and in a mixed culture drinking water biofilm.
This was evaluated in a flow cell at 37 W C in tap water supplemented with 1,000 μg l À1 acetate and in silicone pipes at 25 W C in tap water supplemented with 100 μg l À1 acetate.
MATERIALS AND METHODS

Bacterial strains
Salmonella enterica subsp. enterica ser. Typhimurium strain with the mini Tn5-Km-rrnB P1-RBSII-gfp mut3b*-To-T1 cassette inserted randomly into the chromosome was chosen as a stable GFP-tagged strain, distinguishable in vivo from the rest of the bacterial community (Burke et al. ) . To establish a mixed culture biofilm, bacteria were isolated from tap water on R2A agar (Difco). Five isolates that did not display auto-fluorescence were analysed by 16S rRNA sequencing as described previously (September et al. ) and were identified as Paenibacillus favisporus, P. cineris, Paenibacillus sp., Bacillus sp. and Enterococcus mundtii.
Fluorescence microscopy
The bacterial cells were viewed by phase contrast and epi- 
Most probable number analysis
Ten-fold dilutions of Salmonella samples were made in triplicate in buffered peptone water tubes and incubated at 37 W C for 24 h and 10 μl was transferred to 9.9 ml of Rappa- In order to simulate a drinking water distribution system, silicone pipes of 1.59 (outer diameter) ×0.79 (wall size)
×1.41 (internal diameter) mm (Sigma-Aldrich) were connected to a Watson Marlow peristaltic pump. Pipes were cleaned with sodium hypochlorite as described above.
Thereafter, sterile tap water supplemented with 100 μg l À1 acetate was pumped through the pipe at 0.4 mm s À1 , and maintained at 25 W C. To study formation of monoculture biofilms, pipes were inoculated with Salmonella at 10 2 and 10 6 CFU ml À1 , and after allowing 2 h for attachment at 25 W C rather than 37 W C, flow was resumed. Each experiment was replicated three times and a separate pipe remained unspiked as a control for contamination. For quantification of Salmonella in a mixed culture biofilm, a biofilm was established in silicone tubing by inoculating with 1 ml of mixed culture as described above. The tubes were fed for six days and then Salmonella was inoculated into the tubes, and 2 h later flow was resumed. Counts on R2A agar (for mixed culture biofilm) and MPN (Salmonella) counts were determined for the three separate tubes in triplicate 1.5 h after resumption of flow, and thereafter daily until day six, using three separate pieces of pipe for each of the experiments. Five cm sections from each pipe were removed and manually manipulated to loosen the biofilm. The biofilm was rinsed from the pipe with 5 ml of sterile doubledistilled water. One ml of these suspensions was transferred to 
RESULTS AND DISCUSSION
Biofilm formation conditions The lack of a significant lag time at both the high and low spiking concentrations (Figure 3 ) suggests that initial colonization is independent of the concentration of the inoculum.
The colonization of Salmonella would, therefore, be dependent on the colonization spaces available and the surface type. The R2A counts for the mixed culture biofilm reached levels of >10 5 CFU/cm 2À1 (Figure 3 ), indicating that stable biofilm levels were reached at this level. This was similar to the average optimal internal density of cells observed in South African urban drinking water distribution systems (September et al. ) .
CONCLUSIONS
A stable gfp-labelled Salmonella strain allowed non-destructive in situ detection and was suited for monitoring Salmonella in monoculture or a mixed species biofilm. S. enterica subsp. enterica ser. Typhimurium formed less structured and less compact independent biofilms, but showed enhanced biofilm development when colonizing an established biofilm. In drinking water distribution system biofilms, planktonic Salmonella may form a new biofilm or attach to an existing biofilm. Absorption, growth and subsequent detachment pose a public health risk where human pathogenic bacteria, such as Salmonella, enter a drinking 
